investigation and analysis. In terms of both ease of implementation and lowest costs today, CCUS retrofits on existing fossil fuel combustion systems may be the most feasible. Low-carbon hydrogen through steam methane reforming coupled with CCUS may be another plausible option that has the further benefit of paving the way for fully green hydrogen as the technology develops. Still, decarbonization cannot wait for a technology miracle. Solutions must be subsidized and implemented today that can later be displaced if better alternatives emerge.
The state of low-carbon heating for heavy industry is fragmented, uncertain, costly, and/or genuinely inadequate. Policy instruments should be reflective of this by remaining technology neutral, have limited time frames for their implementation, be replaced regularly, incentivize private investment, and ensure that innovation is rewarded-as this sector needs it and it needs it quickly.
A microbial battery couples waste degradation to a specific enzymatic production process. This is enabled by the uncoupling of the waste oxidation process from the enzymatic bioproduction via redox cathodes. The approach can be attractive for small-scale, local production of chemicals from water and/or CO 2 .
The rapidly decreasing cost of renewable electricity is driving its increased contribution to the energy mix. It is but logic that this leads to a new (or renewed) interest in the applications of electricity beyond the conventional ones. Chemistry, as an energy-intensive sector, can benefit greatly from this. Many flowsheets run over hydrogen gas as the intermediate or end goal. Whereas hydrogen can be attractive, it is difficult to store compactly. Therefore, immediate upgrading of hydrogen to at least building block chemicals can be attractive. Recently, Dubrawski et al. 1 described the coupling of wastewater treatment to electricity-driven hydrogen or formate, from H + or CO 2 , respectively. Their approach, termed a microbial battery, combines a microbial waste conversion with an enzymatic, specific production. There are several advantages and disadvantages to this approach, which will be discussed here, as well as possible applications.
The process described here is a variation of a so-called bioelectrochemical system (BES), in which an anodic, cathodic, or both processes are catalyzed by microorganisms. 2 Typically, systems are described as either microbial fuel cells (MFCs, generating power) or microbial electrolysis cells (MECs, consuming power). In the work of Dubrawski et al., 1 both are combined in what they refer to as a microbial battery (MB). A microbial conversion is used to create power, stored in a solid-state redox cathode, which implies that energy derived from waste organics degradation is stored in this cathode. The advantages of using a biocatalyzed anode are (1) no need for critical metals such as Ir, Pt, or Ru, which are typically needed for a stable anode catalysis, and (2) waste treatment coupled to recovery of electrons.
Then, several of the ''charged'' cathodes can be coupled and discharged (becoming anodes) in a serial stacking, which implies ramping up voltages. This implies that reactions otherwise thermodynamically not favorable can be executed. In this case, the proof of concept was delivered via H 2 and formic acid production using enzymatic reactions at the second cathode. Hence, the process combines microbial with enzymatic catalysis in two separate processes.
There are multiple advantages beyond the aforementioned when biocatalysts, whether they are enzymatic or as whole cells, are coupled to electricity as an energy source. First, the reactions can occur at ambient temperatures and pressures. Second, the reactions can be highly specific even when multiple steps are required. Third, the catalyst, particularly as a whole cell, shows less sensitivity to impurities in the feed stream relative to more conventional inputs. As expected, and as seen earlier in literature already, the biological conversion of waste organics can be stable over longer time periods. 3 However, on the production side we already see a decrease of the enzymatic efficiency in a matter of days ( Figure 3 in Dubrawski et al. 1 ). This is an issue unresolved here. The important opportunity created by the MB is the uncoupling of the dirty microbial reaction from the cleaner enzymatic reaction, which gives a better chance to further developing the enzymatic process toward higher efficiency and stability.
One can wonder where technology combining the use of waste organics with production of chemicals can be of use. Dubrowski et al. 1 state that, based on references in their manuscript, wastewater has the potential for about 2.3 3 10 7 tonnes year À1 of CO 2 capture and up to 635 TWh year À1 energy potential from the oxidation of organics, typically present at low concentrations. Whereas this is an impressive number, it can be misleading toward the potential of the technology. Wastewater comes in many different forms and in many different settings, and its composition fluctuates over time and requirements from the treating installation can be very diverse. The relevant discussion is not how much energy is in wastewater globally, but how much production can be possible in a standard setting. Let us, for example, consider a large-scale production system in this context: a wastewater treatment plant for 250,000 inhabitants, a typical size for centralized approaches. The flow corresponds to a daily organics load of about 25 tonnes chemical oxygen demand. Given an optimistic 50% conversion of these organics to current, an installation could produce about 36 tonnes of formic acid at 100% cathodic efficiency (currently 72% G 11%). This is not a negligible amount, but also not an amount comparable with the scale at which formic acid is being produced today.
At such sizes, wastewater treatment plants already carry an anaerobic digestion process in addition to creating biogas. Shifting to a different process will thus require the final product to have a significantly higher value than CH 4 or the electricity produced thereof. An attractive proposition is to move to improved remediation systems, instead of focusing on production processes on such sites. For example, many wastewater treatment plants lack sufficient carbon to remove all nitrate via denitrification; typically, compounds such as methanol or acetic acid are added. An MB should be able to harvest the electrons needed to drive a cathodic denitrification 4 in a more efficient manner than current approaches, and thus limit energy and substrate costs for wastewater treatment. Likewise, many other mix and match possibilities exist; an overview can be seen in Figure 1 .
The introduction of processes such as MB appears to the author more advantageous at small scale. Waste organics are in many cases generated in small quantities and subsequently collected within networks. This leads to dilution of streams such as urine, containing >10 g/L organics diluted down by two orders of magnitude. Avoiding waste transportation and local use may lead to secondary benefits such as local use of (renewable) electricity as a driver and adaptation of the system to local needs. It appears attractive to consider which chemicals are of interest at small scale and for which different economics is acceptable. An example could be disinfectants such as a concentrated organic acid stream, or a fuel such as methanol that can be used for road transportation. In conclusion, the most attractive aspect of the presented process is, in the author's opinion, a 2-fold uncoupling: (1) in space, as we are disconnecting the ''dirty'' waste conversion from the ''clean'' bioproduction, which principally can also be a catalytic production, and (2) in time, as the redox cathode is presenting a buffer. Given adequate control the system can deal with, on the one hand, discontinuous availability of waste organics to transform, and on the other hand, a discontinuous need for production. Both aspects are easier to achieve at small scale.
Evidently, the current MB process is only a proof of concept. The current densities, below 1 mA cm À2 , are lower than those achieved in some of the more recent studies on bioanodes. The authors already get quite a promising energetic efficiency of organics to formic acid, 38% G 6%; this only includes the electrochemical reactions as such. The efficiency will be lower on real wastewater, with low conductivity (~1 mS cm À1 typically), and other factors such as pumping energy need to be taken into account. Nevertheless, the process enables harvesting the complexity of dilute waste organics and converting it to the simplicity of one outcome product all enabled by an innovative use of the redox cathode.
